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ABSTRACT 

In  attempts  to  improve  thermal  performance 
of  modules  for  thermoelectric  generators  an  in¬ 
vestigation  based  upon  a  program  of  experimenta¬ 
tion  in  thermal  conductance  between  plane  solid 
surfaces  in  both  dry  and  lubricated  contact  under 
pressure  was  conducted.  Surface  materials  were 
Type  6061-T6  aluminum  alloy  and  Type  RS-70  un¬ 
alloyed  titanium.  In  some  tests  a  0.0027-inch 
mica  layer  was  interposed  between  the  metallic 
surfaces,  with  dry  contact.  Values  of  conductance 
were  determined  over  a  range  of  imposed  pressures 
between  5  and  225  pounds  per  square  inch  (psi)  in 
most  cases,  otherwise  at  a  single  pressure  of 
approximately  100  psi. 

Disparate  results  led  to  the  conclusion 
that  conductance  may  be  related  to  the  hardness 
as  well  as  the  roughness  of  the  contacting  surfaces. 

Curves  of  conductance  versus  imposed  pressure 
usually  have  a  point  of  inflection  at  which  they 
change  from  convex  to  concave  upward,  with  rising 
pressure.  It  was  established  that  the  higher  the 
value  of  surface  roughness,  the  lower  the  pressure 
at  which  the  point  of  inflection  occurs.  A  lubri- 
cated-contact  aluminum/aluminum  joint  showed  a  con¬ 
ductance  at  100  psi,  approximately  six  times  the 
dry-contact  value.  A  dry-contact  joint  with  the 
specified  mica  layer  interposed  showed  a  conductance 
approximately  1/6  the  original  metal-to-metal  value. 

Results  for  a  variety  of  surface  material  com¬ 
binations  are  presented  in  a  tabulation  arranged  for 
comparative  study. 
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HEAT  TRANSFER  BETWEEN  SOLIDS 


1.0  INTRODUCTION 


An  investigation  having  as  its  basic  objective  the  improvement  of  the 
thermal  performance  of  modules  for  thermoelectric  generators  was  initiated 
at  this  Laboratory  during  Fiscal  Year  1961.  Inasmuch  as  thermal  conduct¬ 
ance  at  the  interfaces  between  surfaces  in  contact  under  pressure  was 
an  important  factor  in  module  performance,  a  program  of  experimentation 
was  developed  to  enable  a  study  of  this  factor.  In  order  to  carry  on 
this  program  a  contact-pressure  loading  apparatus  was  designed,  constructed, 
and  installed;  and  all  of  the  study  results  stemmed  from  data  obtained 
through  the  use  of  this  apparatus  and  the  test  setup  of  which  it  was 
a  part.  This  apparatus  and  the  test  setup  have  been  described. ^»6,7 ,8 


During  Fiscal  Years  1961  and  1962,  a  series  of  contact-pressure  tests 
were  performed.  Values  of  conductance  were  determined  over  a  range  of 
imposed  pressures  between  5  and  225  psi,*utilixing  a  single  value  of 
mean  interface  temperature  (206  F) ,  and  a  single  value  of  surface  finish 
approximating  10  rms  microinches,  for  several  surface  material  combina¬ 
tions  used  in  the  construction  of  thermoelectric  generator  modules. 

The  majority  of  these  conductance  values  were  between  the  limits  of  500 
and  3000  Btu  per  (hr)  (sq  ft)  (deg  F).  One  of  the  several  conclusions 
established  was  that  an  imposed  pressure  of  at  least  150  psi  was  required 
before  a  rapid  increase  of  interface  thermal  conductance  could  be  ex¬ 
pected  with  increased  pressure.  Results  obtained  have  been  ivoorted  in 
detail.®’  At  the  conclusion  of  the  study  in  June  1962,  it  was  recom¬ 
mended  that  further  experimentation  should  be  undertaken,  using  various 
mean  interface  temperatures,  additional  combinations  of  surface  materials 
and  finishes,  and  interfacial  atmospheres  other  than  air. 


A  new  experimental  study  involving  thermal  conductance  between  solid  sur¬ 
faces  in  contact  under  pressure  was  initiated  in  July  1963  within  the 
scope  of  a  general  investigation  of  interface  phenomena.  Tests  similar 
to  those  made  during  Fiscal  Years  1961  and  1962  were  undertaken,  using 
specially  selected  surface  material  combinations  capable  of  yielding 
information  of  value  to  the  general  investigation. 


2.0  THEORETICAL  BASIS 


Thermal  conductance  at  the  contact  interface  between  surfaces  under 
pressure  is  dependent  upon  several  factors,  the  most  apparent  of  which 
are:  (a)  the  magnitude  of  the  imposed  pressure,  (b)  the  mean  interface 
temperature,  (c)  the  degree  of  surface  roughness,  and  (d)  the  physical 
properties  of  the  material  or  materials  involved.  Less  obvious  (but 


^Superscripts  refer  to  similarly  numbered  entries  in  the  Bibliography, 
Appendix  A. 


*Abbreviations  used  in  this  text  are  from  the  GPO  Style  Manual,  1959, 
unless  otherwise  noted. 
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not  necessarily  less  important)  factors  include:  (e)  the  surface  electronic 
state,  (f)  the  nature  of  the  fluid  filling  the  voids  within  the  interface, 
and  (g)  the  waviness  (degree  of  approach  to  flatness)  of  the  contacting 
surfaces.  (This  last  factor  is  not  to  be  confused  with  surface  roughness 
which  is  a  matter  of  finish  rather  than  shape.)  A  complete  and  accurate 
determination  of  interface  conductancp  depends  upon  a  consideration  of  all 
of  these  factors  simultaneously. 

Theoretical  and  experimental  studies  by  various  investigators  have  concen¬ 
trated  on  those  factors  which  can  be  controlled  and  which  at  the  same  time 
exert  a  predominant  influence  on  conductance  values,  especially  when  these 
values  are  to  be  used  in  engineering  design.  Despite  the  existence  of  a 
substantial  body  of  literature  on  interface  thermal  conductance,  no  con¬ 
sistent  and  comprehensive  theory  has  as  yet  been  advanced;  however,  much 
excellent  published  material  in  various  study  areas  may,  by  synthesis, 
produce  such  a  theory.  A  suitable  mathematical  model  may  provide  the 
basis  for  a  comprehensive  theory. 

Theoretical  analyses  2,3,12  have  dealt  with  the  effects  of  imposed  pressure, 
surface  roughness,  and  interfacial  fluids.  The  influence  of  other  factors 
mentioned  above  should  be  studied  in  depth,  looking  toward  the  formulation 
of  a  comprehensive  theory. 

3.0  “EXPERIMENTAL  DETERMINATION  OF  THERMAL  CONDUCTANCE 

3.1  Apparatus  and  Test  Setup.  A  sectional  elevation  of  the  contact-' 
pressure  loading  apparatus  which  formed  the  central  component  of  the 
test  setup  is  shown  in  Figure  1.  This  apparatus  has  been  described 
fully, with  accompanying  illustrations.  The  primary  feature  of  this 
apparatus  is  the  arrangement  of  upper  and  lower  pedestals  between  whose 
contact  surfaces  the  interface  is  formed.  These  descriptions  set  forth 
the  physical  features  of  the  pedestals,  together  with  the  arrangement 
of  inserted  thermocouples .  Center  is  a  point;  it  can't  be  "around" 
anything. 

3.1.1  Since  the  inception  of  the  project  in  Fiscal  Year  1961,  the  pedes¬ 
tal  materials  utilized  in  the  several  test  programs  have  included  medium- 
carbon  plain  steel,  TyPe  316  stainless  steel,  electrolytic  tough-pitch 
copper,  Armco  ingot  iron,  Type  6061-T6  aluminum  alloy,  and  titanium. 

3.1.2  The  test  setup  is  illustrated  in  Figure  2  where  the  ensemble  is 
shown  mounted  upon  the  table  in  the  foreground.  The  contact-pressure 
loading  apparatus,  with  baseplate  and  peripheral  pedestal  surfaces  fully 
insulated,  is  at  tVie  left  end  of  the  table  with  the  electrical  heater 
controls  adjacent  to  it.  Wires  from  18  thermocouples  in  the  two  contact¬ 
ing  pedestals  lead  to  the  precision  potentiometer  at  the  right  end  of 
the  table  through  a  cold-junction  device  and  a  selector  switch.  Imposed 
pressure  may  be  varied  by  changing  the  number  of  calibrated  weights  on 
the  suspended  platform  which  hangs  from  the  yoke  of  the  apparatus.  A 
Variac  in  the  m,ain  heater  power-supply  line  enabled  a  continuous  adjust¬ 
ment  of  the  rat;e  of  heat  input  to  the  lower  pedestal  from  baseplate  source 
to  maintain  as  nearly  as  possible  a  selected  constant  temperature  at  a 
particular  thermocouple  in  the  lowest  row  of  the  lower  pedestal. 
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Figure  1 

Sectional  Elevation  of  MEL 
Contact-Pressure  Loading  Apparatus 


3.2  Experimental  Flan. 

^'2’1in?frSCe  material  selected  for  the  current  test  program  included 
Type  6061-T6  aluminum  alloy,  and  Type  RS-70  unalloyed  titanium.  Three 
different  arrangements  cf  aluminum  alloy  joints  were  tested.  The  first 
consisted  of  surfaces  in  direct  dry  contact,  the  second  of  surfaces 
m  direct  lubricated  contact,  and  the  third  of  surfaces  in  dry  contact 
with  an  interposed  mica  layer.  Titanium  joints  consisted  of  a  pair  of 
surfaces,  first  in  direct  dry  contact,  and  second  in  dry  contact  with 
an  interposed  mica  layer.  The  aluminum/aluminum  lubricated-contact 
joint  was  tested  at  a  single  imposed  pressure  of  100  psi  and  che 
t itanium/mica/titanium  joint  at  a  single  pressure  of  100.6  psi. 
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3.2.2  For  each  test,  data  were  obtained  using  procedures  similar  to 
those  previously  described . 5 ,6  Data  points  for  the  full-range  tests 
were  established  over  a  range  of  imposed  pressures*  between  approxi¬ 
mately  5  and  225  psi  with  point-to-point  intervals  not  larger  than  25 
psi.  The  exact  values  of  imposed  pressure  used  for  plotting  results 
were  dependent  upon  the  weight  of  the  particular  upper  pedestal  in 
use,  since  this  weight  formed  part  of  the  tota  1  force  applied  at  the 
interface . 

3.2.3  In  accordance  with  an  original  decision  to  simplify  the  experi¬ 
mental  procedure,  all  tests  were  performed  in  ordinary  atmosphere  with 
heat  dissipation  from  the  apparatus  radiator  by  natural  convection. 
Pedestal  contact  surfaces  were  machined  to  the  various  values  of  finish, 
in  terms  of  rms  microinches,  stated  subsequently  in  this  report;  how¬ 
ever,  no  consideration  was  given  to  possible  surface  waviness. 

4.0  RESULTS 

4.1  Procedures.  For  each  test,  procedures  identical  with  those  pre¬ 
viously  described  ^  were  used  to  compute  results.  Data  were  first 
used  to  plot  temperature  gradient  lines  (average  observed  temperature 
at  thermocouple  locations  versus  thermocouple  distances  from  contact 
interface)  for  each  pedestal  of  the  pair,  and  the  extension  of  these 
lines  past  the  interface  (zero  distance)  location  on  the  graph  enabled 
the  determination  of  the  temperature  drop  between  the  contacting 
surfaces.  As  before,  the  application  of  the  indicated  lower-pedestal 
temperature  gradient  in  the  equation  for  steady-state  conduction 
effected  a  solution  for  the  thermal  flux  entering  the  pedestal  from 
the  heat  source.  The  heat  flux  crossing  the  interface  between  the 
pedestals  was  then  determined  by  subtracting  from  the  calculated  in¬ 
put  the  computed  loss  of  heat  in  a  radial  direction  from  the  thermo¬ 
couple  zone  within  the  lower  pedestal,  through  the  metal,  the  insula¬ 
tion,  the  jacket,  and  the  air  film  to  the  surrounding  atmosphere. 

4.2  Values.  The  values  of  thermal  conductance,  h,  as  a  function  of 
apparent  pressure  are  presented  in  this  report  for  the  several  surface 
combinations  tested.  The  curves  portraying  this  relationship  were 
derived  from  preliminary  graphs  of  log-h  versus  log-pressure  which  had, 
in  turn,  been  established  by  "fairing"  through  the  several  patterns 

of  computed  points. 


*  Throughout  the  descriptive  portions  of  this  report,  the  term  "imposed 
pressure"  has  been  used  to  denote  the  ratio  of  applied  force  to 
superficial  surface  contact  area.  This  may  be  designated  more  precisely 
as  "apparent  pressure;"  and  this  quantity  is  practically  always  smaller 
(and  often  much  smaller)  than  the  real  surface  contact  pressure.  The 
magnitude  of  the  real  pressure  is  a  function  of  the  roughness  and  wavi¬ 
ness  of  the  surfaces  involved  inasmuch  as  these  factors  determine  the 
extent  of  the  actual  solid-to-solid  contact  at  the  interface. 
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Figure  2  -  Setup  for  the  Determination  of  Interface  Thermal  Conductance 
Using  the  Pressure-Contact  Loading  Apparatus 
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4.2.1  'Hie  mica  layer,  which  was  interposed  between  the  metallic 
bounding  surfaces  during  some  tests,  took  the  form  of  a  washer  having 
suitable  inner  and  outer  diameters  and  a  thickness  of  0.0027  inch. 

In  the  computations  for  conductance,  the  thermal  conductivity  of  mica 
transmitting  heat  normal  to  its  natural  cleavage  planes  was  taken  from 
an  authoritative  source  to  be  0.25  Btu  per  (hr)  (ft)  (deg.  F). 

Curves  showing  the  variation  of  thermal  conductance  with  apparent 
pressure  for  the  full-range  dry-contact  tests  are  portrayed  in  Figures 
3  through  6. 

4.2.2  At  the  single  apparent  pressure  of  100.6  psi  and  a  mean  inter¬ 
face  temperature  of  206  F,  the  overall  thermal  conductance  of  the 
titanium/  mica/titanium  joint  was  520  Btu  per  (hr)  <pq  ft)  (deg  F) ,  for 
the  path  between  the  enclosing  metal  surfaces.  At  the  same  apparent 
pressure  and  interface  temperature,  the  value  of  conductance  for  each 
titanium/mica  interface  was  1910  Btu  per  (hr)  (sq  ft)  (deg  F) .  The 
metallic  surfaces  were  finished  to  roughnesses  of  4.2  and  5.4  rms 
microinches . 

4.2.3  The  lubricated-contact  test  of  an  aluminum/aluminum  joint  was 
performed  after  the  metallic  surfaces  had  been  coated  with  the  thinnest 
possible  film  of  silicone  grease.  At  the  single  apparent  pressure  of 
100  psi  and  a  mean  interface  temperature  of  206  F,  the  thermal  conduct¬ 
ance  was  19950  Btu  per  (hr)  (sq  ft)  (deg  F) .  The  surfaces  were 
finished  to  roughnesses  of  15  and  17  rms  microinches. 

5.0  DISCUSSION 

The  final  results  portrayed  in  Figures  3  through  6  may  be  compared 
with  those  for  similar  tests  with  other  surface  material  combinations, 
as  previously  shown  in  Figure  1  of  the  1962  Progress  Report®  and 
Figure  4  of  a  later  report  of  investigation.*0  Especially  notable  is 
the  curve  of  Figure  3  which  has  an  inflection  at  approximately  55  psi, 
whereas  the  curves  for  Tests  4,  8A,  and  12A  of  Figure  1  of  the 
Progress  Report®  have  an  inflection  at  approximately  125  psi.  This 
shift  of  the  inflection  point  toward  a  lower  pressure  is  attributed 
to  the  rougher  surface  finish  of  the  aluminum/aluminum  joint  as  com¬ 
pared  with  the  others  cited  above. 

Past  and  present  results  for  both  single -pres sure  and  full-range  tests 
were  compared  at  an  apparent  pressure  of  100  psi.  This  comparison 
is  set  forth  in  Table  1  where  the  thermal  conductance  values  for  a 
number  of  selected  surface  combinations  are  recorded,  each  group  beinn 
arranged  in  the  order  of  increasing  magnitude.  Past  results  listed 
in  Table  1  were  reported  originally  in  1962. 8,10 
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USN  MARINE  ENGINEERING  LABORATORY 


Figure  3 

Variation  of  Thermal  Conductance 
with  Apparent  Pressure  for  an 
Interface  Having  Type  6061-T6 
Aluminum  Surfaces  in  Dry  Contact 


APPARENT  PRESSURE  ,  psi 


Figure  4 

Variation  of  Thermal  Conductance 
with  Apparent  Pressure  for  a 
Dry-Contact  Joint  Having 
Bounding  Surfaces  of  Type  6061-T6 
Aluminum  and  an  Interposed 
Mica  Layer 
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Figure  5 


Variation  of  Thermal 
Conductance  with  Apparent 
Pressure  for  a  Type  606l-T6 
Aluminum/Mica  Interface 
in  Dry  Contact 


Figure  6 


Variation  of  Thermal 
Conductance  with  Apparent 
Pressure  for  an  Interface 
Having  Titanium  Surfaces 
in  Dry  Contact 


APPARENT  PRESSURE 
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Table  1 

Values  of  Thermal  Conductance,  In  Btu  per  (Hr)  (Sq  Ft)  (Deg  F),  at  a  Mean 
Interface  Temperature  of  206  F  and  an  Apparent  Pressure  of  100  PSI 
For  Various  Surface  Material  Combinations 

Group  1 

Metal-to-Metal(Drv  Contact) 


Titanium/Titanium  577 
Stainless  Steel/Copper  1198 
Stainless  Steel/Stainless  Steel  1275 
Stainless  Steel/Armco  Ingot  Iron  1480 
Carbon  Steel/Carbon  Steel  1720 
Aluminum/Stainless  Steel  2080 
Aluminum/Aluminum  3300 


Group  2 

Metal-Mica-Metal  (Dry  Contact) 


Stainless  Steel/Mica/Copper 

520 

Titanium/Mica/Titanium 

520 

Aluminum/Mica /Aluminum 

554 

Group  3 

Metal-tarMica(Dry  Contact) 

Stainless  Steel/Mica 

1905 

Titanium/Mica 

1910 

Aluminum/Mica 

2215 

Group  4 

Meta 1-to-Metal  (Lubricated  Contact) 

Stainless  Steel/Copper  2620 

Aiuminum/Stainless  Steel  5480 

Aluminum/Aluminum  19950 

An  inspection  of  Table  1  indicates  that  the  metal-to-metal  dry-contact 
joints  (Group  1)  presented  an  orderly  progression  of  conductance  values 
from  titanium/titanium  on  the  low  end  to  aluminum/aluminum  on  the  high 
end  of  the  scale. 
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the  ovcral 1  conductance  of  dry-contact  joints  was  substantially  decreased 
when  a  0.0027- Inch  mica  layer  was  interposed  between  the  metal  surfaces 
(fable  l.  Group  2).  Although  the  conductance  of  this  layer  alone  was 
comparatively  high  (1110  Btu  per  (hr)  (sq  ft)  (deg  F)),  its  presence 
resulted  in  a  thermal  circuit  containing  three  resistances  in  series,  with 
attendant  reduction  in  overall  conductance  to  a  depreciated  value  which 
was  nearly  uniform  regardless  of  the  metallic  surfaces  involved. 

lhe  metal -to-mica  interfaces  (Group  3)  exhibited  fairly  high  conductance 
values  as  well  as  significant  variations  from  the  figures  presented  for 
the  related  metallic  surfaces  of  Group  1.  The  conductance  of  titanium/ 
mica  was  more  than  three  times  that  of  titanium/titantium  whereas  that 
of  aluminum/mica  was  only  2/3  that  of  aluminum/aluminum.  Analysis  indi¬ 
cated  that  these  peculiar  conditions  are  related  to  surface  roughness. 

In  the  titanium/mica  joint,  the  titanium  surface  with  a  roughness  of  only 
4.2  rms  microinches  contiguous  to  the  very  smooth  (nonserrated)  mica 
surface  resulted  in  an  interface  having  fewer  voids  and  greater  contact 
area  than  the  titanium/titanium  joint,  with  resulting  higher  conductance. 

In  the  aluminum/mica  joint,  the  rougher  aluminum  surface  (15  rms  micro¬ 
inches)  contained  many  voids  filled  with  high-resistance  air  trapped  behind 
the  smooth  contacting  mica,  whereas  in  the  aluminum/aluminum  joint,  most 
of  these  voids  were  filled  by  interpenetration  with  the  serrations  of  the 
two  surfaces,  the  result  being  a  higher  conductance  in  the  all-metallic 
joint . 

Lubricated -contact  Joints  were  produced  by  coating  each  of  the  surfaces 
involved  with  the  thinnest  possible  film  of  silicone  grease  which  ex- 
pe  L  led  the  air  from  all  voids  and  left  these  pockets  filled  with  lubri¬ 
cant.  A  substantial  Increase  in  Interface  conductance  resulted,  as 
indicated  by  a  comparison  of  the  joints  listed  in  Table  1,  Group  4  with 
the  related  joints  in.  Group  1.  The  relative  Increase  in  conductance  was 
expecially  pronounced  in  the  case  of  surfaces  having  higher  roughness 
values  (e.g.,  aluminum/aluminum)  where  the  voids  are  deeper  and  more 
numerous. 

An  extended  study  was  made  to  determine  a  possible  functionail  relationship 
between  thermal  conductance  and  various  physical  characteristics  of  con¬ 
tact  surfaces  and  surface  materials,  using  experimentally  established 
information  as  a  basis.  The  group  of  metal -to-metal  dry-contact  joints 
shewn  in  Table  1,  together  with  their  stated  values  of  conductance  at 
the  specified  conditions  of  temperature  and  pressure,  were  used  in  this 
study.  Physical  characteristics  investigated  included  the  yield  strength 
of  the  joint  materials  and  the  hardness  and  roughness  of  the  contact 
surfaces.  Other  characteristics  considered  were  determined  to  be  unre¬ 
lated  to  conductance. 

The  yield  strength  of  the  "weaker,"  or  "indented,"  material  which  has 
been  cited  by  some  investigators  as  a  factor  in  interface  conductance, 
was  found  to  be  of  no  significance  for  the  range  of  test  pressures  uti¬ 
lized  in  the  MEL  program.  Substantially  higher  Imposed  pressures  would 
be  needed  to  produce  significant  surface  indentation,  with  consequent 
reduction  of  voids  and  increase  of  conductance.  It  appeared,  however, 
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that  a  relationship  might  exist  between  interface  conductance  ana  the 
hardness  and  roughness  of  the  contact  surfaces;  a  study  would  be  re¬ 
quired  to  evaluate  this  possibility. 

6.0  CONCLUSIONS 

The  thermal  conductance  of  a  metal-tormetal  interface  in  dry  con¬ 
tact  may  be  a  unique  function  of  the  hardness  and  roughness  of  the 
respective  surfaces. 

Under  the  pressure  and  temperature  conditions  utilized  during  this 
experimental  investigation,  surface  and  material  characteristics  other 
than  hardness  and  roughness  ha?e  no  significant  influence  upon  inter¬ 
face  conductance. 

The  presence  of  a  thin  (0.0027  inch)  interposed  layer  of  mica  in  an 
all-metallic  dry-contact  joint  effectively  reduced  conductance  values 
to  a  fairly  low  and  nearly  uniform  level  regardless  of  the  kind  of 
metal(s)  composing  the  joint,  or  the  characteristics  of  the  surfaces. 

This  was  caused  by  the  high  thermal  resistance  of  the  mica  and  not  by 
contact  surface  conditions. 

The  application  of  a  film  of  lubricant  to  a  wholly  'metallic  interface 
resulted  in  a  large  increase  in  conductance,  usually  amounting  to 
several  times  the  dry-contact  values.  This  effect  is  due  to  the  virtual 
improvement  of  surface  finish  through  the  filling  up  of  microscopic 
voids.  Surfaces  which  are  naturally  susceptible  to  the  occurrence  of  such 
voids  (e.g.,  aluminum),  or  which  have  a  roughness  value  on  the  "high  side," 
show  the  greatest  improvement.  Lubrication  will  offset  coarse  surface 
finish. 

If  a  dry-contact  interface  includes  a  smooth  and  impervious  nonmetallic 
surface,  such  as  that  of  mica,  the  contacting  metallic  surface  should 
have  the  lowest  possible  roughness  value  to  achieve  optimum  conductance. 

The  higher  the  roughness  value  of  the  contacting  surfaces,  the  lower 
is  the  value  of  apparent  pressure  at  which  a  rapid  rise  in  interface 
conductance  begins. 

7.0  RECOMMENDATIONS 

An  investigation  should  be  undertaken  looking  toward  the  formulation 
of  a  comprehensive  theory  to  describe  interface  thermal  transfer  phenomena 
in  terms  of  applicable  parameters. 

A  program  of  experimentation  covering  a  oroad  range  of  parametric  varia¬ 
tions  suggested  by  the  theoretical  basis  for  this  study  should  be  accom¬ 
plished  as  a  part  of  any  future  studies.  Laboratory  apparatus  of  new 
and  sophisticated  design  should  be  made  available  for  such  a  program, 
and  control  of  experimental  procedures  should  be  maintained  to  a  high 
degree  of  precision. 
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